The S( 1 D 2 )+CO(X 1 Σ + ) product channel from photodissociation of OCS at 217 nm has been measured using the DC slice velocity map imaging (VMI) technique in combination with resonance enhanced multiphoton ionization (REMPI). Two different REMPI intermediate states ( 1 F 3 and 1 P 1 ) and several pump-probe laser polarization geometries are used to detect the angular momentum polarization of the photofragmented S( 1 D 2 ). The molecularframe polarization parameters, as well as the laboratory-frame anisotropy parameters, for individual rotational states of co-fragment CO, are determined using two different full quantum theories. The measured total kinetic energy release spectrum from photodissociation of OCS indicates two dissociation channels, corresponding to the fast and slow recoiling velocities of S( 1 D 2 ), respectively. The slow channel is concluded to originate from an initial photoexcitation to the A( 1 A ′ ) state, followed by a non-adiabatic transition to the ground state. The fast channel is found to follow a coherent excitation to A( 1 A ′ ) and B( 1 A ′′ ) states, where contributions of the two states are almost equal at 217 nm. The determined alignment and anisotropy parameters further indicate that the slow channel follows an incoherent excitation, while the fast channel follows a coherent excitation to A( 1 A ′ ) and B( 1 A ′′ ) states with a phase difference of π/2.
I. INTRODUCTION
The photodissociation of carbonyl sulfide (OCS) not only serves as a benchmark system for understanding the dissociation dynamics of triatomic molecules, but also plays a significant role in the stratosphere of earth's atmosphere [1] . OCS interacts strongly with ultraviolet radiation in the stratosphere, producing sulfur atoms that are involved in subsequent various atmospheric chemical evolution. Besides, OCS has also been identified in dense interstellar clouds and in comets [2] . As a consequence, many dedicated experimental [3−12] and theoretical [13−15] studies on the ultraviolet (UV) photochemistry have been performed over the past decades.
The first UV absorption band of OCS leads to two sulfur product channels, S( 1 D 2 ) and S( 3 P j ) channels, where the former dominates the dissociation process in the 193−248 nm region. The S( 1 D 2 ) channel is a spin-allowed dissociation pathway. It exhibits a bimodal translational energy distribution, which reflects two major components (fast channel and slow channel) of the accompanied photofragments CO. Because the C−O bond length (1.157Å) in OCS is only a little * Authors to whom correspondence should be addressed. E-mail: dzhao@ustc.edu.cn, yangchen@ustc.edu.cn longer than CO (1.128Å), CO produced from OCS dissociation is liberated predominantly in its v=0 state. In addition, the bending nature of the involved excited states after the photoexcitation yields highly rotational excitation in fragmented CO. With the increase of the excitation energy, the product rotational distribution moves to higher J, and the two components are merged together. Such experimental observations have been successfully modelled by McBane et al. [14] . Based on the newly calculated potential energy surfaces (PESs), they also predicted that the absorption cross sections for A( 1 A ′ ) and B( 1 A ′′ ) states in the first absorption band region are roughly the same.
Suzuki et al. [16] investigated the anisotropy parameter β of this channel using a forward convolution analysis with inclusion of polarization effects of the photofragmented S( 1 D 2 ). In that study, the velocity map imaging (VMI) technique was used to measure the velocity distributions of fragmented products, where the raw experimental images were processed using the commonly known inverse Abel transform method. However, this method may severely affect the accuracy of the derived polarization parameters, as the inverse Abel transform method is only suitable for reconstructions of experimental images with a cylindrical symmetry. Very recently, Weeraratna et al. [11] re-measured the anisotropic parameter β of the S( 1 D 2 ) photoproduct via a (1+1) resonance enhanced multiphoton ioniza- In a photodissociation reaction, the interaction between the parent molecule and a polarized light wave can result in polarization of the electronic angular momentum of atomic photofragments [17−20] . Detailed insight into the dynamics of the photodissociation process can be provided by a complete measurement of the polarization parameters of the atomic photofragments. Initially, Dixon et al. [21] introduced a semi-classical model based on the bipolar harmonics approach, where a set of bipolar parameter are introduced to describe vector correlations in the photodissociation dynamics. For example, the bipolar parameter β 2 0 (02) indicates the µ-j correlation which is a criterium to judge the symmetry of the excited state (e.g., A ′ or A ′′ ) that leads to the measured photofragment. For an A ′ state excitation, transition dipole moment µ lies in the OCS plane, µ and j must be perpendicular. In contrast, for an A ′′ state excitation, µ and j are both in the molecular plane. Therefore, the determination of the µ-j correlation can provide information about the relative contributions of the two absorption pathways. However, this theory cannot be used in the interpretation of photodissociation involving coherent photoexcitations.
A complete demonstration of the photodissociation dynamics has been developed with a full quantum treatment, initially introduced by Siebbeles et al. [22] , and later extended by Rakitzis and Zare [23] . In their treatment, the molecular-frame polarization parameters a More recently, Suits and co-workers introduced a new set of laboratory-frame anisotropy parameters (see the review paper of Ref. [20] ), following a similar full quantum treat as made by Rakitzis and Zare [23] . This set of laboratory-frame anisotropy parameters contains all information about the dissociation dynamics, and in principle, is an alternative form of the polarization parameters a (k) q (p) introduced by Rakitzis and Zare [23] . More importantly, this set of anisotropy parameters provides a new approach to process the VMI experimental data and to extract the important information about the dissociation dynamics.
Very recently, we have reported an experimental study on the photodissociation dynamics of OCS at 210 nm [26] using the DC slice VMI technique in combination with REMPI. By comparing the experimental data obtained from dissociation wavelengths at 210 and 217 nm, a new dissociation channel involving excitation of the triplet c( 3 A ′′ ) state is experimentally identified. In this work, we present a complete experimental measurement on the kinetic energy distributions and angular distributions of S( 1 D 2 ) produced from photodissociation of OCS at 217 nm. Eight different polarization geometries of pump-probe laser and two REMPI detection schemes are used to obtain a complete characterization of the polarization effect of the photofragmented S( 1 D 2 ). The technique of high-resolution DC slice VMI makes it possible to determine the molecular-frame polarization parameters and laboratory-frame anisotropy parameters following theories mentioned above. Based on the obtained anisotropy and polarization parameters, the photoexcitation and photodissociation mechanisms of OCS at 217 nm are also discussed.
II. EXPERIMENTAL DETAILS
Experiments were performed using a home-built ion velocity map imaging setup, which has been described in detail previously [27−29] . Briefly, a molecular beam of OCS (5% OCS seeded in He), generated using a pulsed nozzle (General Valve, Series 9, 0.25 mm orifice) at a stagnation pressure of 1 bar, is skimmed and then expanded into a differentially pumped detection chamber. After passing through a hole which is 1 mm in diameter on the repeller plate, the molecular beam is directed along the TOF axis. Immediately following the photolysis, the photofragmented S( 1 D 2 ) atoms are ionized using a second UV laser beam via a (2+1)REMPI scheme. The photolysis and probe laser beams are aligned propagated to each other, perpendicularly crossing the molecular beam between the repeller and extraction plates. Within a set of ion optics designed for the VMI measurements, the S + ions are accelerated by the focusing electric fields and projected onto a Chevron multichannel plate (MCP, Φ≈40 mm) detector coupled to a phosphor screen (P47). A fast high-voltage switch (PVM-4210, DEI; typical duration ∼50 ns) is pulsed to gate the gain of the MCP's for mass selection as well as the time slicing of the ion packet. The transient images on the phosphor screen are captured by a charge-coupled device (CCD) camera (LaVision, Imager Intense, 1376×1024 pixels) and then transferred to a computer on every shot for event counting and data analysis. Timing of the pulsed nozzle, the laser, and the pulsed gating is controlled by two multichannel digital delay pulse generators (DG 535, SRS).
For two-color laser experiments, OCS molecules are DOI:10.1063/1674-0068/30/cjcp1705092 c ⃝2017 Chinese Physical Society dissociated using a 217 nm linearly polarized laser, which is generated by the tripled output of a tunable dye laser (Sirah, PRSC-LG-18) that is pumped by a Nd:YAG laser (PRO-250, Spectra Physics, 532 nm) at a 10 Hz repetition rate. The polarization of the photolysis laser beam is adjusted by using a Berek's polarization compensator (New Focus, Model 5540), and checked by a MgF 2 Rochon prism. In order to avoid multiphoton processes, only about 0.3 mJ/pulse of the 217 nm laser is focused onto the OCS molecular beam by a f =250 mm lens. The generated atomic fragments S( 1 D 2 ) are probed by an ionization laser produced by doubling the output of another tunable dye laser (Sirah, PrecisionScan), which is pumped from the third harmonic of a second Nd:YAG laser (GCR-170, Spectra Physics, 532 nm). An achromatic λ/2 or λ/4 waveplate (Thorlabs, 260−400 nm) is used to set the polarization of the probe laser at desired polarization. The probe laser is arranged to focus on the OCS photolysis region using a f =200 mm lens. To avoid the Doppler effect of the recoiling velocity of photofragmented S( 1 D 2 ) atoms, scanning of the probe laser wavelength in a small range, typically ∼0.02 nm around each resonant wavelength, is performed during all image accumulations.
III. RESULTS AND DISCUSSION

A. Results and analysis
FIG. 1 and FIG. 2 display the raw images of the S(
1 D 2 ) photoproducts recorded with the 217 nm photolysis of OCS. To obtain the full set of anisotropy and polarization parameters, two different REMPI transitions of S( 1 D 2 ) with eight different pump-probe laser polarization geometries are employed. These geometries are VV, VH, HV, HH, RR, RL, 45
• R and 45
• L, where the former letter represents the polarization of the pump laser, and the latter letter indicates the polarization of the probe laser. Here, the letter "V" refers to a vertical direction of the laser polarization (i.e., the electrical field) that is in the plane of the slice image, "H" a direction perpendicular to the detecting plane, "45
• " indicates the laser linearly polarized in the middle of V and H, "R" and "L" indicate the right and left circularly polarized light, respectively.
Each of the images represents a 2D projection of the recoiling velocity distribution of S( 1 D 2 ). The fine structure of the observed ring pattern is directly assigned to the internal energy distribution of the co-fragment CO. All the recorded images exhibit clear anisotropic structures, including a series of well resolved rings in the inner (slow channel) part, and one or two poorly resolved rings in the outer (fast channel) part. The total translational energy is calculated using the dissociation energy D 0 =34608 cm −1 [30] and using momentum and energy conservation laws in the two-body dissociation of a unimolecular system. The rotational energy of CO(J) was calculated using the expression:
in which accurate values for constants B v and D v are taken from Ref. [31] . The rotational distribution obtained from our experiment shows that the peak of slow channel locates at J≈68 and the fast channel locates at J≈55. It is noticed that, in Ref. [11] , Weeraratna et al. found that the slow channel peaks at J=71 and the fast channel at J=59. The slightly different rotational population of photofragmented CO may be due to the different REMPI sensitivity factors for different REMPI detection schemes. As will be discussed below, in our experiment, the obtained rotational population of photofragmented CO exhibits a significant dependence on specific REMPI detection schemes of S( 1 D 2 ). The total kinetic energy release (TKER, E T ) spectra in the center-of-mass frame have been extracted by integrating the images over the whole angular range . FIG. 3 shows the obtained TKER spectra, all of which exhibit a bimodal structure that is similar to that of previously reported results at longer wavelengths. However, compared to that at longer dissociation wavelengths as presented in Refs. [3−10] , the two components of the bimodal rotational distribution are almost merged together, and the rotational distribution moves to higher J. In addition, it is obviously seen that the relative intensity of the slow channel obtained with a vertically polarized photolysis laser is larger than that of horizontal polarization, i.e., the relative intensity of slow channel depends strongly on the polarization direction of photolysis laser.
The atomic orbital polarization of S( 1 D 2 ) from photodissociation shows up in FIG. 1 and FIG. 2 . For experimental images recorded with one-photon dissociation and a (2+1) REMPI detection scheme, the measured angular distribution of the S(
can be extracted by integrating a three-dimensional velocity distribution over an appropriate range of speed at each angle. The angular distribution is then fitted using the formula:
where β 2 , β 4 , and β 6 are the expansion coefficients, P 2 (cosθ), P 4 (cosθ), and P 6 (cosθ) are the second, fourth and sixth order Legendre polynomial expansions, respectively. The obtained Legendre polynomial coefficients β 2 , β 4 , β 6 for individual rings are summarized in Table I . Because only one parameter is found to be necessary to describe the angular distributions of S( 1 D 2 ) products under VH pump-probe laser polarization geometry, only β 2 parameters for VH geometry are listed in Table I . Here, we label the fully resolved rings using the rotational quantum numbers of the co-fragment CO(J). For the poorly resolved parts (fast channel), i.e., CO (J=48−60) as indicated in FIG. 3 , J values are grouped with several adjacent J values in the analysis.
Using the full set of the β 2 , β 4 , β 6 values in Table I and following the theoretical model described by Rakitzis and Zare, the β parameter and the molecular-frame polarization parameters a Table II . We have also processed the raw experimental images as described in Ref. [6] , from which the full set of laboratory-frame anisotropy parameters are determined. Table III summarizes the obtained anisotropy parameters. Using the relations between the molecular-frame polarization parameters and the laboratory-frame anisotropy parameters as discussed in Ref. [20] , we find that the two sets of parameters listed in Table II and Table III are well consistent with each other. The consistency indicates that the parameters determined here are reliable, and can be used to interpret the detailed photoexcitation and photodissociation mechanisms of OCS at 217 nm.
The tendency of the observed bimodal rotational distribution is consistent with the complete trajectory surface hopping calculation by Wei et al. [12] that the bimodal rotational distribution merged together and higher rotational will be distributed with increasing excitation energy. The higher rotational excitation of cofragment CO indicates that the excited parent molecule has a larger torque at this wavelength, which has been proven by Schmidt et al. [14] using the reconstructed potential energy surfaces. The anisotropy parameter β we obtained are slightly lower than that reported in Ref. [11] . As discussed by Suzuki et al., this indicates that the alignment effects must be considered for a precise analysis [16] .
The anisotropy parameter β for the slow channel is found to be ∼1.5 (close to +2), indicating that the photoexcitation is dominated by a parallel transition to the A( 1 A ′ ) state. This is further supported by two addition arguments. Firstly, for this channel, µ-j correlation parameter β 2 0 (02) is negative, i.e., the transition dipole momentum µ is perpendicular to the orbital angular momentum j of the photofragmented S( 1 D 2 ), which is well consistent with a parallel photoexcitation [32] . Secondly, the relative intensity of the slow channel component shows a clear dependence on the polarization of the photolysis laser. Specifically, a vertical polarization results in a larger intensity than a horizontal polarization, where the latter is commonly known to be inefficient for detecting a parallel transition by VMI. Based on these experimental results and previous theoretical predictions [14] , we conclude that the slow channel originates from an initial photoexcitation to the A( 1 A ′ ) state, followed by a non-adiabatic transition to the ground state.
Compared to the slow channel, the anisotropy parameter β of the fast channel is significantly smaller, indicating that the fast channel arises from a mixed electronic transitions. Using the minimum value of β≈0.36 at CO (J≈53, almost the center of the fast component), we estimate that the contributions of the perpendicular and parallel transition components are comparable for the fast channel. Further evidences from our experiment are also available in support of this conclusion. First of all, the µ-j correlation parameters for the fast channel β 2 0 (02) are close to 0.25, indicating mixed excitation of the A( 1 A ′ ) and B( 1 A ′′ ) states. This is also consistent with the interpreted bimodal distribution based on the anisotropy parameter β. Secondly, the relative intensity of the fast channel has nearly no change under both the horizontal and vertical polarized photolysis laser, illustrating that this channel arises from a mixed perpendicular-parallel transition, and contributions of the two transitions are comparable. In addition, the interpretation is also well consistent with the trajectory surface-hopping calculations recently reported by McBane et al. [14] . Therefore, the observed fast channel results from a simultaneous excitation of repulsive A( 1 A ′ ) and B(1A ′′ ) states followed by a rapid dissociation process.
Based on the theoretical models as demonstrated in Ref. [33] , the obtained polarization and anisotropy parameters allow us to determine the phase differences between different dissociation channels. Here, the obtained molecular-frame polarization parameters a 2 1 and a 2 2 and laboratory-frame anisotropy parameters η 2 and γ 2 , all of which are correlated to the real part of the coherent excitation term, are constrained to zero. The nearly zero values of these parameters suggest that the photodissociation dynamics follows an incoherent excitation (i.e., no coherent terms) or a coherent excitation with a phase difference of π/2 (i.e., the real part of the coherent term is 0). In addition, our experimental images recorded under RR, RL, 45
• L pump-probe laser polarization geometries have allowed us to determine the values of γ 1 ′ that is correlated to the imaginary part of the coherent term. We find that, values of the parameter γ 1 ′ for the slow channel are also constrained to 0, but not for the fast channel. Therefore, we conclude that the slow channel follows an incoherent excitation to the A( 1 A ′ ) state, while the fast dissociation channel follows a coherent excitation to A( 1 A ′ ) and B( 1 A ′′ ) states with a phase difference of π/2.
IV. CONCLUSION
Based on a complete experimental measurement of S( 1 D 2 ) from photodissociation of OCS at 217 nm by VMI, we have determined both molecular-frame polarization parameters and laboratory-frame anisotropy parameters. The measured total kinetic energy release spectrum from photodissociation of OCS indicates two dissociation channels of the fragmented S( 1 D 2 ), the fast and slow recoiling velocities of S( 1 D 2 ), respectively. The slow channel is concluded to originate from an initial photoexcitation to the A( 1 A ′ ) state, followed by a non-adiabatic transition to the ground state. The fast channel is found to follow a coherent excitation to A( 
